Stress corrosion cracking is a life-limiting factor in many components of nuclear power plant in which failure of structural components presents a substantial hazard to both safety and economic performance. Uncertainties in the kinetics of short crack behaviour can have a strong influence on lifetime prediction, and arise due both to the complexity of the underlying mechanisms and to the difficulties of making experimental observations. This paper reports on an on-going research programme into the dynamics and morphology of intergranular stress corrosion cracking in austenitic stainless steels in simulated light water environments, which makes use of recent advances in high resolution X-ray microtomography. In particular in-situ, three dimensional X-ray tomographic images of intergranular stress corrosion crack nucleation and growth in sensitised austenitic stainless steel provide evidence for the development of crack bridging ligaments, caused by the resistance of non-sensitised special grain boundaries.
Introduction
Stress corrosion cracking is a significant potential cause of failures in the nuclear power industry [1] . Cracking frequently nucleates from corrosion pits [2] and, depending on the material and environment, may be transgranular or intergranular in nature. The incubation period prior to the development of a critical crack nucleus depends on several factors [3] . These include the rate of pit/localized corrosion formation and growth, the transition from pit/localized corrosion to crack initiation, and the propagation of short cracks with a size comparable to the microstructure scale. Although models for these processes have been developed [3, 4] , the prediction of incubation periods remains uncertain due to the complex interaction between microstructure, environment and the mechanisms of localized corrosion and environmentally assisted cracking.
Resistance to intergranular corrosion and stress corrosion cracking can be affected by the distribution of grain boundary crystallographic character [5] . In particular, the grain boundary character may affect intergranular failure via its effect on solute concentrations [6] and precipitation [7] . Grain boundary engineering provides a means to improve the resistance to intergranular stress corrosion cracking by disrupting easy pathways through the microstructure [8] . The interactions between the crack and the microstructure are expected to be most significant when the crack is a short crack. However, very little is known about the behaviour of short stress corrosion cracks due to experimental difficulties in monitoring their nucleation and growth.
This paper describes how in-situ three-dimensional observations of the evolution of intergranular stress corrosion cracking in sensitised stainless steel have provided evidence
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for a crack bridging mechanism, by which the resistance to propagation of short stress corrosion cracks can be influenced by the grain boundary triple junction distribution.
Experimental data for the effect of microstructure engineering on crack propagation resistance, and a comparison between the crack propagation in different environments is also presented. These observations provide the mechanistic basis for a new threedimensional computational model of short stress corrosion crack propagation, which will enable crack coalescence behaviour and the role of residual stress gradients to be investigated.
Experimental Methods

Tomographic Imaging of SCC In 302 Stainless Steel
In order to investigate the interaction between a propagating crack and the microstructure in-situ three dimensional observations of intergranular stress corrosion cracking were performed, using the ID19 X-ray microtomography beam line at the European Synchrotron Radiation Facility (ESRF), France. An annealed and fully sensitised 302 stainless steel wire (400 µm diameter) ( Table 1) was tested in 0.15 M potassium tetrathionate (K 2 S 4 O 6 ) (pH 2). Tetrathionate solutions [9] , are known to attack chromium depleted zones [10] . The degree of intergranular corrosion is therefore determined by the degree of chromium depletion, which is affected by the grain boundary character (CSL) and the sensitisation treatment [11] .
Details of the synchrotron tomography technique [12, 13] and the experimental set-up employed here [14, 15] are described elsewhere. In essence, the wire was spot-welded to 3mm diameter steel grub screws to form a tensile specimen, which was then lacquered to initiated when open circuit conditions were restored. Cracking occurred rapidly on reapplication of the stress, which was progressively reduced as cracking was observed. The initiation of cracking and subsequent specimen failure due to coalescence was recorded in samples sensitised for 1 hour at 650ºC. X-ray imaging was undertaken at an energy of 30 keV. 1000 radiographs were taken in 90 minutes for each tomograph and were reconstructed by the back projection method. During the stress corrosion experiment 5 tomographic images were acquired.
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Stainless Test Microstructures
To obtain characteristic microstructures to test predictive models, samples of type 304 austenitic stainless steel plate (Table 1) were thermo-mechanically processed, comprising uni-directional cold rolling to introduce 30% strain, followed by heat treatment in argon atmosphere at 900°C for 30 minutes with a subsequent water quench (900/30). This was compared with the as-received microstructure. Full details of the experiments, and the results of processing a wider range of microstructures, are reported elsewhere [16] . The basic microstructural features were quantified by electron backscatter diffraction (EBSD) with an HKL-EBSD system, interfaced to a Philips XL-30 FEG-SEM. Details of the data processing and analysis are reported elsewhere [17] .
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The information obtained by EBSD included the Grain Boundary Character (GBCD) and Triple Junction (TJD) distributions, using the Coincidence Site Lattice model (CSL) [18] .
The low angle grain boundary (LAGB) threshold was set to 1.6°, with 15° for high angle grain boundaries (HAGB), by applying Brandon's criterion (∆θ=15xΣ -1/2 ) [19] for the maximum allowed deviation angle. The microstructural parameters for the two microstructures are summarised in Table 2 where it can be seen that considerable microstructural refinement and a measured reduction in the percentage of Σ3 boundaries has been brought about by the (900/30) recrystallisation treatment.
Room Temperature Crack Propagation Tests
Crack propagation experiments were performed on the test microstructures to determine the effects of microstructure on crack propagation behaviour. Double-beam-bent specimens (DBB) (i.e. self-stressed four point bending) [20] were employed enabling us found to lie within a log-normal population [16] , and hence extreme value statistics, in the form of Gumbel distributions, were applied to evaluate the crack population [21, 22] .
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This method allows the crack population to be described by measuring the longest crack in each sub-area of the sample.
High Temperature Crack Propagation Tests
High temperature stress corrosion crack propagation tests were conducted using the asreceived 304 stainless steel ( 
3D Observations of Intergranular Stress Corrosion Cracking
The principal finding arising from this experiment was the demonstration of the formation and failure of crack bridging ligaments. Crack bridging is a common phenomenon in the brittle fracture of materials, such as from ceramics [23] to fiberreinforced composites [24] , whereby isolated regions of material link the opposing faces of a crack and restrict its opening. It has not been reported previously for stress corrosion cracking, to the authors' knowledge. For example, Figure 2 (identified as cracks 1 and 2 in Figure 2 ) have been studied. Discontinuity A corresponds to an arrested crack tip, while B and C are crack bridging ligaments which develop and then fail as the crack opening displacement increases. 3D isosurface rendering [25] of the tomographic data has been used to visualise the crack bridges in Figure 2 (d) and (e).
Fractography of the sample after testing shows ductile features (e.g. Figure 3a) , with geometries that indicate that they are defined by twin boundaries (Figure 3b ). The twin boundaries are not sensitised, which is evidenced by the lack of intergranular cracking along the interface. EBSD analysis of a wide range of thermo-mechanically processed microstructures, processed with 30% strain and annealed at temperatures between 900°
and 1100°C for times between 2 minutes and 24 hours [16] , show a high number of 2-CSL triple junctions where a low CSL boundary (≤Σ29, ≠Σ3) is connected to a Σ3 twin boundary. Data for the effect of grain size (determined by the line intercept method, excluding Σ3 twin boundaries) on the average length of Σ3 twin and connected low CSL (≤Σ29, ≠Σ3) boundaries is given in Figure 4a , with the as-received and 900/30 microstructures identified.
The connected low CSL length is proportional to the twin length, which is shown to be equivalent to the grain size. It is postulated that the observed ductile regions correspond to an area defined by a non-sensitised low CSL boundary, which associated with the growth of the twin during recrystallisation (Figure 3b ). The data in Figure 4a indicate that the average area of such a region is proportional to the average grain boundary area suggests that such crack bridges can result from the intersection of the crack with twinrelated features.
These observations indicate that microstructural engineering [5] [6] [7] [8] , which aims to increase resistance to intergranular stress corrosion crack propagation by increasing the number of twin-related non-sensitised grain boundary segments factors in the microstructure, will also increase the number of features with the potential to form ductile crack bridging ligaments. It is proposed that these ligaments are a significant factor in increasing the resistance of the microstructure to stress corrosion cracking.
Microstructural Effects on SCC Resistance
A microstructure engineering study was performed to investigate the effects of thermomechanical processing on the parameters likely to improve stress corrosion cracking resistance. The study was based on the proposition that the resistance to stress corrosion cracking develops from the bridges in the crack wake [17] . The frequency of bridge formation depends on the probability of the crack tip encountering a grain boundary triple junction with a resistant grain boundary (i.e. a non-sensitised boundary). These are boundaries with a high degree of coincidence between the crystal lattice orientations of the grains on either side of the boundary, defined using the coincidence site lattice (CSL) model [18] . Twin boundaries (Σ3) and low CSL boundaries with Σ≤29 are commonly regarded as resistant to intergranular corrosion and stress corrosion cracking [5] [6] [7] [8] . Crack propagation may also be impeded locally by an unfavourably oriented sensitised boundary. Various percolation-like models [26] [27] [28] [29] have been proposed, in which crack arrest is assumed to occur once the crack encounters a resistant feature. The maximum
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likely crack length, independent of stress, is thus determined by the distribution of resistant triple junctions or grain boundaries.
Our observation of ductile ligaments shows that crack arrest does not necessarily occur when a resistant boundary is encountered. However, the probability of crack bridge formation at a triple junction (P) may be expressed in a similar manner to the percolationlike models, using functions such as Equation 
For a one-dimensional model, the probability, X, that the crack tip will encounter a resistant triple junction within distance L can be expressed as Equation 2 [28] . The distance, over which there is a critical probability of bridge formation, say L 99% for X=99%, will be related to the average distance between crack bridging ligaments on the fracture surface. Since there is a probability that bridging does not occur for a short stress
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corrosion crack nucleated at a surface until the crack length exceeds L 99% , the average crack bridging stress, σ b , will vary with length for short cracks. This variation of bridging stress with crack length may have a form such as Equation 3 , such that the average bridging stress depends on the fraction of the crack length over which bridging is likely to occur. The crack bridging stress therefore rises and saturates to a maximum value over a length scale determined by L 99% , which is a function of both the triple junction distribution (P) and the average distance (D) between triple junctions (i.e. grain size). The crack bridging stress acts to shield the crack tip from the applied stress.
The magnitude of the crack bridging stress induced by the ligaments is difficult to determine using a simple model, since with increasing crack opening displacement relative to the ligament size, the ligaments may deform elastically, plastically or rupture.
A constant maximum crack bridging stress, σ bmax , is currently assumed for all microstructures. If this is sufficient to arrest or significantly retard crack propagation, then microstructures with the greatest resistance to short stress corrosion crack propagation are predicted to be those in which the bridging stress develops more rapidly with crack length. Such microstructures will have smaller grain size and higher P factors.
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The model described above is closely related to percolation-like models for intergranular stress corrosion cracking, in terms of the relative effects of microstructure parameters.
However, it removes the implicit assumption in such models that crack arrest occurs when a resistant junction is encountered. This clearly does not occur due to the threedimensional nature of the microstructure, as demonstrated by the 3D observations of crack bridging ligament formation. The new model includes the effects of applied stress magnitude, and can be applied to short cracks in residual stress gradients to consider the effects of surface preparation and damage on stress corrosion cracking.
The effect of the bridging stress can be represented using a simple linear elastic fracture mechanics model. The magnitude of crack tip shielding available from bridging ligaments is quite low for short cracks and there is an implicit assumption that stress corrosion cracking occurs with very low values of crack tip strain [30] . Crack propagation occurs if the net crack tip stress intensity factor is greater than a short crack threshold K 1SCC , which is assumed to be small (~0.1 MPa√m) [17] . The critical threshold stress, σ th , can then be calculated as the remote applied stress necessary to increase the net crack tip stress intensity factor above K 1SCC (Equation 4). The variation of threshold stress with crack length is illustrated in Figure 5 for two different microstructures. A semi-circular crack, radius a, is assumed. The model parameters for the two test microstructures (before and after a 30% strain followed by a 30 minute anneal at 900°C) are summarised in microstructures have quite similar P factors, but differ significantly in grain size. All data was obtained using a constant EBSD sampling step size of 5 µm. This large step size was selected to obtain consistent data over a wide range of microstructures, and measurements using smaller step sizes (>1 µm) have shown that although the number of triple junctions is affected by the step size, the factor P is insensitive to step size. However, the grain size was found to be overestimated when the step size was larger than 20% of the grain size [16] . This is consistent with EBSD observations in other microstructures [31] , from which the measured grain size of the 900/30 microstructure is thus expected to be an overestimate, by approximately 30%, relative to the as-received grain size.
In order to assess the effect of microstructure engineering on crack growth, crack propagation tests were performed on the two test microstructures using the double-beambent specimen geometry described in the experimental section. Typical crack growth results after 144 hours at 200MPa are given in Figure 6 for the microstructure processed at 900°C and annealed for 30 minutes (900/30), compared to the as-received microstructure. When considering the results it is important to note that X-ray diffraction (XRD) analysis demonstrated that the surface residual stresses introduced by sample preparation were not significant, having a magnitude of less than 50 MPa. The applied stress was also monitored during the tests using XRD, and stress relaxation was not observed. The effects of test duration and test reproducibility were also investigated.
The crack populations were stable in each microstructure, demonstrating that measurable crack propagation has ceased within the duration of the test. Further details of these tests for materials having a range of microstructures are described elsewhere [16] .
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Simple inspection of the data summarised in Figure 6 shows that the 900/30 microstructure has the greater resistance to stress corrosion cracking, developing a population of significantly shorter cracks than the as-received microstructure. The parameter y, which is derived from the rank of the crack size in the ordered series of n observations [21] , describes the probability of occurrence of a crack of a given size. This provides a convenient method of describing the population of observed cracks, with comparisons in the maximum likely crack length in the test specimen being made at equivalent values of y. The observed difference in maximum crack size is consistent with the relative rates of development of crack bridging predicted for the two microstructures, as defined by the difference in L 99% (Table 3 ). The predicted variation of threshold stress with crack length is given in Figure 5 , assuming a maximum crack bridging stress of 300 MPa in both microstructures. The proposed model therefore appears reasonable, although it predicts a less significant difference between the two microstructures than is observed. This may be attributed in part to the overestimate in the grain size of the 900/30 microstructure. The predicted effect of reducing the measured grain size by 30% is shown in Figure 5 . Non-random connectivity of susceptible boundaries may also be a factor. The data for the as-received microstructure also does not fit the extreme value distribution well. This indicates that there may be two populations of cracks present. This might be explained by loss of significance of the crack bridging mechanism at longer crack lengths as the crack opening displacements increase.
Current work aims to investigate the crack propagation behaviour in a range of microstructures to determine whether the maximum crack bridging stress is affected by
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significant variations in P. The effects of non-random connectivity of susceptible boundaries and near-surface residual stresses are also being investigated.
High Temperature Crack Propagation Behaviour
Intergranular stress corrosion cracking is a problem in pressurised water cooling systems operating at high temperature. Crack initiation was found to be very difficult in 0.01 M Na 2 SO 4 electrolyte at 250°C in short times under static load. However intergranular stress corrosion cracking did propagate under autoclave conditions after an initial exposure of electropolished samples to tetrathionate solution (pH 2.5) for 4 hours at room temperature to initiate intergranular corrosion damage at the surface (Figure 7a ). The high temperature fracture surface was similar to the room temperature behaviour, with ductile ligament formation (Figure 7b ). There was also evidence for some transgranular cracking (Figure 7c ). Crack bridging therefore occurs, and microstructure engineering has potential to influence stress corrosion cracking resistance.
The effects of test duration on the depth of stress corrosion crack (SCC) penetration and the depth of the intergranular corrosion damage (IGC) are shown in Figure 8 for the asreceived microstructure. The extreme value distribution for the crack population has been determined.
The data in Figure 8 shows that the maximum depth of intergranular corrosion, which initiated cracking, is not affected by test duration, whereas the maximum depth of stress corrosion cracking increases with time. This data also suggests that some shorter stress corrosion cracks and intergranular corrosion damage are not clearly distinguished, and there is thus some overlap of the two measured populations. These preliminary results
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demonstrate that crack propagation rates for short stress corrosion cracks can be determined from these static tests. Measurements of the effects of test duration and stress on the crack population can therefore be employed to investigate the effects of microstructure engineering on stress corrosion crack propagation resistance.
Work is in progress to investigate the effects of microstructure in this environment, and to confirm whether transgranular cracking in the autoclave environment is associated with the plastically strained crack bridging ligaments. This would have a potentially detrimental effect on the crack shielding mechanism and stress corrosion cracking resistance.
Three Dimensional Modelling of Crack Propagation
While simple models of crack propagation such as that given above provide important insights into stress corrosion cracking, the observation of ductile ligaments due to crack bridging, and the demonstrable effects of microstructure engineering on crack propagation behaviour provide a mechanistic basis for 2D and 3D models for intergranular crack propagation. The aim is to provide a tool for theoretical investigations of the interaction between multiple cracks and the influence of residual stress gradients. Such a model will also provide a better understanding of the elastic/plastic behaviour of crack bridging ligaments and their effect on the crack shielding stresses. A simple 2D model for intergranular crack percolation with crack bridging has been developed, and is described elsewhere [32] . The 3D model is described briefly below. In its present form, the model does not consider the kinetics of crack growth.
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At the physical level, the geometry of the microstructure can be represented by a regular tessellation of space into identical cells. As in previous works on percolation modelling of three dimensional intergranular cracking, e.g. [26-29, 33, 34] , the unit cell is chosen to be a truncated octahedron, known also as tetrakaidecahedron or mecon. This is a polyhedron having six square and eight regular hexagonal faces (Figure 9 ). The unit cell diameter, D, is the edge of the cell bounding cube. This may be considered as a measure of the average grain size. The faces common to neighbouring cells represent grain boundaries, which are classified as either resistant or sensitive to intergranular fracture.
Susceptible boundaries are assumed to fail at a very small strain, ε f , and without significant inelastic deformations in their vicinity, when encountered by a propagating crack. Resistant boundaries are assumed to fail in a ductile mode after a significant amount of accumulated inelastic strain. These properties are consistent with the observed failure mechanisms (e.g. Figure 2 and Figure 3) .
At the computational level, a discrete representation of the assembly of mecons is employed. This is done in view of the subsequent finite element formulation of the crack propagation problem. In the discrete representation, each mecon is substituted by a node at its central point and the mecon's fourteen faces are substituted by beam elements linking it to the central points of the neighbouring mecons. This is shown schematically in Figure 9 , where cylinders represent the beam elements. This leads to a significant reduction of the nodes and elements in a model and hence of the computational effort, which is crucial for three dimensional problems. The element cross sections were varied to ensure that the assembly behaved like a solid under the same deformation when subjected to tensile deformation in the elastic range.
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Marrow et al. The modelling of crack propagation is handled by two separate software components.
Equilibrium is found using the commercial finite element program ABAQUS [35] . The solution is then analysed by a program developed in-house, which examines all elements in contact with the crack surface. Element conditions are compared against their failure criteria, and at most one boundary, being either susceptible or resistant, is allowed to fail per step. Equilibrium is then re-established using ABAQUS, and the analysis is repeated until crack propagation ceases or the simulation is terminated.
Simulations have been performed for different fractions of resistant boundaries. Figure   11 Current work in progress aims to quantify the effects of crack bridging on the crack shielding in the 3D model, and to study the effects of residual stress gradients and crack
interactions. Further refinement of the model using experimental results will be necessary before it becomes a useful predictive tool.
Summary
• Observations of intergranular stress corrosion cracking in sensitised stainless steel show that resistant grain boundaries can bring about crack bridging. It is proposed that these bridges provide resistance to the propagation of short stress corrosion cracks. The development of these bridges and thereby this resistance is affected by the grain boundary triple junction distribution and the grain size.
• This proposition is supported by experimental data for the effect of microstructure engineering on crack propagation resistance. The level of resistance provided by this mechanism may vary with the environment. Transgranular cracking may occur in high temperature/pressure conditions for example.
• The observations provide a mechanistic basis for a new three-dimensional computational model of short stress corrosion crack propagation. Preliminary results demonstrate that the 3D model captures experimentally observed behaviour.
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Marrow et al. The crack is shown in grey, the twin and CSL boundaries in pale grey, and the high angle grain boundaries in black. 41/41
